Abstract
Introduction
Metal organic frameworks (MOFs) are crystalline compounds consisting of metal ions connected by organic ligands 1 . The range of possible MOF structures available, due to the wide choice in ligands and metal ions 2 , means MOFs can be specifically tailored to a number of applications. This ability to fabricate MOFs with specific pore sizes and tuneable sorption behaviours make them desirable for separations 3 . In order to maximise the potential of MOF materials, the morphological properties of the crystals must also be considered. Control of MOF crystal size and shape is an important parameter effecting the performance of MOFs as adsorbents 4, 5 and filler particles in mixed matrix membranes (MMMs) [6] [7] [8] [9] . Optimising MOF crystal shape is also imperative to produce the well intergrown films required to fabricate membranes for gas separations 2 .
Membranes comprised of pure MOF films (e.g. ZIF-8 [10] [11] [12] , MOF-5 13 , HKUST-1 14, 15 etc [16] [17] [18] [19] ) on porous substrates with a clear, definitive MOF layer have been applied to gas separations, overcoming some of the issues associate with MMMs 3 . Typically, these membranes require long syntheses times and multiple steps to produce defect free barriers. Each MOF relies on a unique synthesis methodology and control over the membrane properties, such as thickness and crystal orientation, is limited. These membranes have often only been grown on small flat disc substrates, with a limited surface area. Therefore their suitability for industrial processes is yet to be verified. Finding facile methodologies to fabricate MOF membranes with controllable morphologies would improve the applicability of MOF membrane technology to commercial operations.
The M-MOF-74 series (where M represents a metal ion such as Ni 2+ ) has garnered sizable research interest due to high CO2 uptakes during adsorption [20] [21] [22] . The magnesium based Mg-MOF-74 has demonstrated the highest CO2 uptake at low to moderate pressures of any solid adsorbent 23 . Mg-MOF-74 powder has been used to remove CO2 selectively from flue gas (N2) streams 24, 25 and separate CO2/CH4 mixtures [26] [27] [28] via adsorption. However, research into the fabrication of M-MOF-74 membranes is so far limited.
Films of various M-MOF-74 species, including Mg-MOF-74, were grown on non-porous alumina substrates via direct growth by Betard et al. 29 . However, the film synthesis required a two-step process over 44 hours, resulting in films over 10 µm thick. They did not test these films as membranes for separations, but demonstrated synthesis methodologies to fabricate films from the M-MOF-74 series. Currently only two studies on the fabrication and testing of M-MOF-74 membranes have been published. In the first, Lee et al. used layer-by-layer seeding, followed by secondary growth to produce Ni-MOF-74 membranes on flat disc -alumina substrates for range of gas separations such as H2, CO2, N2 and CH4 30 . The films required 72 hours of synthesis, resulting in membranes between 10 and 25 µm thick. In second Mg-MOF-74 membranes were synthesised via seeding and secondary growth, using MgO particles as nucleation sites on flat disc alumina supports and tested for H2/CO2 separations 31 . The subsequent films were fabricated over 24 hours and were 10 µm thick.
In order to reduce membrane thickness to~1-2 µm and thus increase gas permeance, we suggest controlling the crystal grain size of the films. Methodologies developed to crystal size control including microwave and ultrasonic syntheses 21, 22, 32 and room temperature precipitation. The size of Zn-MOF-74 crystals were altered by changing the water/ethanol ratio of a reaction solution containing a sodium hydroxide additive in a solvothermal synthesis, with crystal sizes of 1 and 5 µm obtained 33 . Changing the solvent ratios of Mg-MOF-74 synthesis solutions offers a facile methodology to produce crystals of different sizes, and thus reducing the thickness of the films below that of other reported.
In the current study, we present a rapid fabrication methodology for Mg-MOF-74 films as thin as 1 µm on tubular alumina substrates via one-step synthesis. The choice of tubular supports allows for the high surface area to volume ratios required for industrial separations. The growth of MOFs on modular supports such as tubular supports 34 and hollow fibres [35] [36] [37] has previously been demonstrated for ZIF-8 and UiO-66 but not for any of the M-MOF-74 series. We controlled the size of Mg-MOF-74 crystals via the addition of ethanol and water to synthesis solutions. Rapid synthesis was achieved by using elevated temperatures and high reagent concentrations. The crystal synthesis methodology was then adapted to produce Mg-MOF-74 membranes on alumina substrates. This paper presents the first reported research on the fabrication of M-MOF-74 films with controllable thickness in a rapid, one step process.
Experimental

Materials
Magnesium acetate tetrahydrate (Mg(CH3COO)2·4H2O) (99%) and 2,5-dihydroxyterephthalic acid (H4DHTP) (98%) were purchased from Sigma-Aldrich. Solvents, for synthesis and activation, dimethylformamide (DMF, 99.98%), ethanol (99.99%) and methanol (99.99%) were obtained from Fisher Scientific UK Ltd.
Mg-MOF-74 Crystal Synthesis
Mg-MOF-74 crystal synthesis was based on the previously reported method by Díaz-García et al. 38 with an elevated temperature to reduce synthesis time. In a typical synthesis, 0.39 to 0.41 g H4DHTP was dissolved in 10 ml DMF using a magnetic stirrer until the ligand had completely dissolved. Metal salt solutions were prepared by complete dissolution of between 1.15 to 1.21 g magnesium acetate tetrahydrate in a 10 ml mixture of DMF, water and ethanol. The solvent volumes were altered depending on the desired crystal size. The solvent ratios used for each synthesis formulation are shown in Table 1 . The H4DHTP solution was then added drop-wise to the magnesium acetate solution, under stirring, to avoid rapid precipitation. The mixed solutions were then immediately transferred to a 45 ml Parr reaction vessel with a Teflon liner. The sealed vessel was then placed into an oven at 125°C for 6 h. After solvothermal synthesis, crystal samples were washed with 25 ml of DMF three times over 48 h, followed by washing with 25 ml of methanol three times over 6 days, the samples were then allowed to dry at ambient conditions before XRD and SEM analysis. In order to calculate the crystal yield of each formulation the mass of crystals recovered from after synthesis and drying in a vacuum oven at 150°C was measured. The crystal yield was calculated based on the starting mass of H4DHTP in the reaction solution, assuming a chemical formula of Mg2(DHTP) for Mg-MOF-74 (Equation 1). DTHP constitutes 80% of Mg-MOF-74.
Where MMOF is the mass of Mg-MOF-74 powder and MDTHP is the mass of the deprotonated H4DTHP originally dissolved in solution.
Mg-MOF-74 Film Synthesis
Tubular alumina porous supports (11-mm OD, 7-mm ID) supplied by Inopor GmbH were used as substrates for the growth of the Mg-MOF-74 films. The tubes consisted of 200 nm membrane layers, supported by more continually more porous layers beneath. Lengths of 2 cm and 6 cm were chosen for characterisation and testing respectively. The 6 cm long supports were glazing each end to provide an impenetrable seal during gas permeation tests. Before film synthesis, the supports were submerged in DI water and placed in an oven at 90°C for 10 minutes, and then dried in an oven at 125°C for 5 minutes, and wrapped in Teflon to ensure growth only occurred on the 200 nm pore layer.
The films were fabricated using the identical metal/ligand concentrations and solvent ratios as for the crystal syntheses at a temperature of 125°C, except 30 ml solutions were used for 6 cm long substrates. For film fabrication, the synthesis time ranged from 1-24h. The substrates were placed directly in stainless-steel reaction vessels with Teflon liners into which the reaction solution was previously poured in. Powder crystal samples were also collected from bottom of the vessel when possible; washed and dried using the same procedure, as previously described for crystals. The films were then washed for washed with 25 ml of DMF over 12 h, followed by washing with methanol three times over 24 h, and then dried in air at room temperature for 24 h. For each solvent formulation 2 MOF films were fabricated, while 2 membranes each were fabricated using formulations F2 and F3.
Material Characterisation
The X-ray diffraction (XRD) patterns for both crystal and film samples were acquired at room temperature using a Bruker D8 Advance diffractometer. The data was collected over 3-20°a ngular range in 2θ in continuous scan mode using a step size and time of 0.02° and 4 s, respectively. Scanning Electron Microscopy (Phillips XL30) was carried out on crystal and film samples in order to determine the Mg-MOF-74 crystal morphology, size and film thickness. Samples were coated with platinum using a sputter coater in order to make the samples conductive. Analyses were conducted at 10 kV. BET surface areas of crystal samples were determined using a Micromeritics, TriStar II 3020, Norcross, GA gas adsorption analyser.
Single Gas Permeation Measurements
Single gas carbon dioxide and methane permeances were measured at room temperature in a flow system (Figure 1) . The pressure drop across the membrane was maintained at 2 bar while both feed and permeate pressures were controlled with back pressure regulators. The feed flow rate was 5 cm Figure 2 shows X-ray diffraction pattern of Mg-MOF-74 crystals produced in this study after solvent exchange in methanol and drying at room temperature. The formation of Mg-MOF-74 was confirmed by the presence of the characteristic peaks at 6.7°, 11.7°and 18°of MOF-74 in each XRD pattern 21, 31 . In addition, the broad peaks observed in XRD pattern for the synthesis with DMF only (F1) suggests that nano-crystals are produced. The size of the crystals from formulation F1 (DMF-only) formed after 6 h at 125°C was calculated as 8.0 nm, showing good agreement with previously report 38 . When the volume of water and ethanol was increased in the synthesis solutions (from F1 to F4) the intensity of the characteristic XRD peaks (6.7°and 11.7°) for Mg-MOF-74 increased and sharper peaks were obtained. Using the Scherrer equation 39 the average 'calculated' crystal size was estimated, as shown in Table 2 including the full width at half maximum (FWHM) values of peaks at 6.7°and 11.7°. As the FWHM value decreases an associated increase in predicted crystal size is observed. Figure S1 in the supplementary information in.
Results and Discussions
Controlling Mg-MOF-74 Particle Size
Scanning Electron Microscopy was used to validate the crystal sizes calculated using the Scherrer equation, and also determine the crystal morphologies (Figure 3) . The Mg-MOF-74 crystals increased in size as the ratio of water and ethanol in the reagent solution increased (from F1 -DMF only to F4 -where half the reagent solution was water and ethanol). The crystals formed using only DMF (F1), appear as agglomerated nano-scale crystals, as predicted by the Scherrer equation calculations. A magnified image Mg-MOF-74 crystals from of the formulation F1 is shown in the supplementary information in Figure S1 . The other Mg-MOF-74 particles are on the micron scale, over 2 orders of magnitude larger than the calculations in Table 2 as the Scherrer equation is only valid for particles up to 200 nm. The particles' sizes range from 1 to 5 µm for formulation F2, 5 to 10 µm for formulation F3 (and 10 to 20 µm for formulation F4.
The crystal shape also appears to change with increasing water and ethanol content. The morphology of the nano-scale crystals (formed using only DMF-F1) is difficult to elucidate due to the small size of the crystals and particle agglomeration ( Figure 3A) . The SEM images in Figure 3 show that as the water/ethanol content in the synthesis solution is increased the crystals form with with more defined facets and edges. The Mg-MOF-74 crystals formed using formulation F2 (DMF:water:ethanol ratio = 16:2:2) are spherical in shape, with no defined facets. As the DMF:water:ethanol ratio is changed to 12:4:4 (F3) the crystal shape becomes more defined and tetragonal. The aspect ratio of the crystals appears to still be 1:1:1 in the x:y:z directions, whilst there is evidence of elongation of some of the crystals. The elongation and shape change continues as the ethanol and water content is increased to half the volume of the reaction solution cumulatively. The crystals formed using formulation F4 are more than twice as long in the z direction as the x and y coordinates, leading to the formation of long column like tetragonal/hexagonal crystals that easily break apart. A similar change in crystal size and shape is observed with NH2-MIL-53 crystals as the water volume in the reaction solution is increased 40 . Cheng et al. suggest smaller NH2-MIL-53 crystal sizes occur due to rapid nucleation attributed to fast deprotonation of the organic linker in higher pH in DMF environments.
The change in the crystal size and shape with shifting solvent composition could be due to the solubility of H4DHTP in the different solvents. The ligand is soluble in DMF, but additives such as sodium hydroxide are required to dissolve it in water. The Hildebrand solubility parameters were calculated for DMF, ethanol and water are 12.2, 12.9 and 23. . The Hildebrand solubility parameter of a solvent mixture was calculated by a volume adjusted average 42 . The values of the synthesis solutions F1-4 are shown in Table  4 , alongside the calculated Hildebrand solubility parameter for H4DHTP. Molecules with similar Hildebrand solubility parameters are more readily miscible. It can be seen that F1 has the closest Hildebrand solubility parameter to H4DHTP. Suggesting that the ligand more readily dissolved in the pure DMF solution. As with NH2-MIL-53, rapid ligand dissolution could be the cause of the small crystals obtained using formulation F1, due to rapid crystal nucleation. As the water and ethanol fraction in the mixture is increased the solubility of the ligand decreases, lowering the rate of nucleation, leading to the formation of larger crystals.
As the volume of water and ethanol in the reaction solution was increased the yield of crystals recovered decreased significantly (see Table 3 ). For DMF/water/ethanol mixtures the yields of Mg-MOF-74 decreased as the volume of DMF was reduced in the reaction solution. Previous investigations reported that Zn-MOF-74 yields increase in water/ethanol solutions with high ratios of water 33 . The relationship between crystal yield and the water and ethanol content is further evidence that changing the solvent mixture effects the rate of crystal nucleation, and thus the final crystal size. High nucleation rates for formulation F1 (DMF only) leads to obtaining a high yield of nano-sized crystals. As the water and ethanol volume in the synthesis solution is increased the nucleation rate reduces, producing less crystals, while the growth rate of Mg-MOF-74 at 125°C is sufficiently high enough to allow those crystals that do form to grow larger.
Controlling Mg-MOF-74 Film Thickness
Scanning electron microscopy images of the alumina substrate and MOF film synthesized for 20 h (F1) are shown in Figure 4 . The average pore size of alumina substrate was 200 nm (Figure 4A) . Figure 4B shows a thin patch of material on the alumina surface, while the pores of the alumina substrate mostly remain visible elsewhere. Further images of the alumina surface after synthesis using formulation F1 are shown in the supplementary information ( Figure S5 ). Using only DMF (F1), the crystals formed have a diameter of around 8 nm as reported by Díaz-García et al. 38 (confirmed with the Scherrer equation) and are prone to agglomeration, as can also be seen in Figure S1 . The nano-sized particles may not readily attach to the surface of the alumina substrate, most likely because the crystals are much smaller than alumina substrate pores (200 nm). The patch of material on the surface of the film in Figure 4B may be due to Mg-MOF-74 crystal agglomeration, or precipitation of the organic ligand (H4DHTP) on the alumina surface. In order to produce crystals that were large enough to adhere to the surface of the alumina substrate, synthesis formulations containing water and ethanol were used to produce larger particles. Figure 6 shows SEM images of the films formed after 1 and 24 h using formulation F4, for which half the solution was water and ethanol. After 1 h, the observed crystals were1 µm in diameter, and tetragonal in shape. Figure 6B shows that after 1 h of synthesis a coating of Mg-MOF-74 is attached to the alumina substrate surface. However, the crystals are not well intergrown and patches of alumina substrate are seen underneath gaps between some of the crystals. When the synthesis time was increased from 1 h to 24 h the size of the crystals increased beyond 20 microns in length, whilst this increase in crystal size did not lead to the fabrication of a defect free film of crystals as gaps between crystals are observed ( Figure 6D) . The presence of a Mg-MOF-74 film was also confirmed by XRD pattern, as shown in Mg-MOF-74 crystals were also grown on an alumina substrate using formulation F4 at 125°C for 2.5 hours (see SI, Figure S6 ). The morphology of the films after 2.5 and 24 h of synthesis are similar, suggesting that the crystals size reaches a maximum (approximately 25 microns) between 1 and 2.5 h of synthesis. Those crystals may rapidly detach from the alumina substrate during synthesis, inhibiting the ability to produce a continuous film on the support surface (Figure 6 ). Due to the size and shape of the crystals (25 µm), the crystals have high individual masses, yet only a small area of the crystal surface can attach to the alumina. Larger crystals that are not well intergrown could be more likely to break off the alumina substrate. The low yield of Mg-MOF-74 using formulation F4 (Table 3 ) may also contributed to the poor coverage of crystals on the alumina surface. The low nucleation rate using this formulation is likely the cause of the presence of bare alumina between Mg-MOF-74 crystals on the substrate. In order to improve growth on the substrate, solvent formulations F2 and F3, which lead to the growth of smaller crystals with higher yields, were chosen for membrane syntheses. The crystals grown using formulations F2 and F3 are larger than the pores of the alumina substrate allowing the crystals to attach to the substrate surface. Higher nucleation rates of formulation F2 and F3 above F4 may allow the formation of continuous Mg-MOF-74 films as there are no visible gaps between the crystals (Figure 8A & 8B) . The 1 µm spherical particles for F2 and 3-5 µm crystals with low aspect ratios in the x:y:z directions for F3, may suggest that the crystals readily remain on the support surface, and can easily fuse during growth. Figure 9A shows the cross-sectional area of the film synthesized by formulation F2 for 2.5 h. The film layers are~1.6 and 14 µm thick for F2 and F3, respectively. The thinnest previous M-MOF-74 membranes had a thickness of 10 µm, making the film formed using formulation F2 over 6 times thinner than previous membranes. Figure 10 shows the XRD patterns for the films synthesised using F2 and F3 after 2.5 h. The intensity of the characteristic peaks at 6.7°, 11.7°and 18°for the film formed using F3 was higher than those for the film formed using F2. This is likely due to both the increase in film thickness and crystal size obtained using F3. The effect of time on film thickness and defects was also determined by increasing the reaction time. Figures 11 and 12 show SEM images of Mg-MOF-74 films formed using F2 and F3 after 6 hours of synthesis at 125°C. The observed morphologies of the F2 films and the crystals did not change whether 2.5 h (Figure 8A & 9A) or 6 h ( Figure 11A & 12A) syntheses was employed. The thickness of the F2 film formed after 6 h is roughly 1.8 µm (Figure 12A) . However, using formulation F3 for 6 h synthesis a thinner film (10 µm) was obtained compared to 2.5 h of synthesis (14 µm). The crystal morphology also changed from the cubic-like crystals found after 2.5 h to oriented column-like hexagonal/tetragonal crystals. The difference in the crystal morphology and film thickness with increased synthesis time is counterintuitive to what would be expected, with the change in thickness likely to affect permeation of gases. Table 5 shows single gas CO2 permeance and ideal CO2/CH4 selectivity for M-MOF-74 membranes. Permeation tests were carried out using formulations F2 and F3 (2.5 h) as these syntheses yielded to continuous films. Due to the lack of a clear relationship between activation conditions and the loss of BET area of the Mg-MOF-74 crystals, the films were dried in ambient conditions only before testing (see supplementary information). During the tests, the membranes formed using formulation F3 could not hold pressure, and thus no permeation and selectivity data could be collected. This is likely due to formation of defects/cracks in the films at crystal interfaces, which is not visible in SEM images.
Single Gas Permeation Measurements
The permeance values achieved for the gases are 2 orders of magnitude higher than those achieved for previous Mg-MOF-74 membranes 31 . Due to the high affinity for CO2 of Mg-MOF-74, adsorption studies have shown the material to be highly selective for CO2 over CH4 21 . However, studies of the diffusion kinetics of CH4 and CO2 through the MOF show that CH4 travels through the pores 5 times faster 20 . In addition, CO2 may not be desorbed fast enough when compared to CH4. M-MOF-74 membranes in literature have higher CH4 permeances than those of CO2 suggesting that the diffusion kinetics of the gases through the MOF cages may determine the separation performance 31 . The performance of M-MOF-74 membranes must be improved to compete with other MOFs such as ZIF-8 10 (CO2 Permeance = 2430 x10 -8 mol m -2 s -1 Pa -1 and CO2/CH4 ideal selectivity = 5.1) and CO3(HCOO)6 16 (CO2 permeance = 225 x10 -8 mol m -2 s -1 Pa -1 and CO2/CH4 ideal selectivity = 5.4). Improved membrane performances could be achieved by further studying the MOF activation parameters and/or post-synthesis modification such as ligand exchange to introduce amine groups to the framework.
Conclusions
Through shifting the solvent composition of Mg-MOF-74 synthesis solutions the size of the crystals formed can be tailored. Synthesis solutions containing increased ratios of water and ethanol lead to formation of larger crystals, but with a subsequent reduction in yield. Changes in the nucleation rate of crystals are thought to influence the final crystal size and yield, with high nucleation rates for DMF only solutions that decrease with increasing water/ethanol content. Nano-scale crystals produced using only DMF as solvent (F1) failed to produce viable films on the surface of alumina substrates. The F2 synthesis solution containing a solvent ratio of 16:2:2 for DMF, water and ethanol respectively, led to the formation of 1-2 µm Mg-MOF-74 films, an order of magnitude thinner than previously achievable for M-MOF-74 films. Thicker films (10-20 µm) were synthesised in 2.5 and/or 6 h by further increasing the water and ethanol content of the synthesis solution (F3, DMF:water:ethanol ratio = 12:4:4). When the water and ethanol content was increased to half the volume of the synthesis solution, the formation of continuous defect free films with well intergrown crystals was not possible. This paper demonstrates for the first time a controllable methodology with which to produce Mg-MOF-74 membranes of different thicknesses. In addition, these membranes can be produced in only 2.5 hours without seeding. The synthesis is significantly faster than the growth of previous M-MOF-74 films (>24 h). Improvements are needed to the post-synthesis activation of the MOF pores in order maximise the selectivity of the membranes for mixed gas feeds. Future studies will also explore the effect of reaction solution concentration on the size and shape of Mg-MOF-74 crystals, the crystal orientation and thickness of membranes, as well as extending the one-step film fabrication methodology to other members of the M-MOF-74 series.
